The capability of an optical cavity to sustain the resonant field and store it within its volume for a finite amount of time is foundational for a vast number of physical disciplines, from classical laser spectroscopy to nonlinear optics, metrology, and obviously, lasers[@b1][@b2][@b3][@b4][@b5][@b6]. A resonant cavity allows in fact to increase the radiation-matter interaction probability, to build up the optical power and to impose a well-defined mode structure on the electromagnetic field. Because all these features scale with the finesse coefficient () or the quality parameter (*Q*) of the resonator, in the last 30 years an enormous technological effort has been deployed to improve the fabrication techniques of ultra-reflective mirrors, high-Q microrings and whispering-gallery mode resonators made with the most diverse geometries and materials[@b7][@b8][@b9][@b10].

Recently, the possibility of controlling interferometrically the intracavity radiation-matter interaction was also pointed out. When a Fabry-Perot (FP) cavity is resonantly coupled with two coherent optical fields from opposite directions, an interference pattern is generated that concentrates the overall intensity inside or outside the resonator, depending on the relative phase of the input beams. For an antisymmetric phase relation and a specific value of the internal FP loss, the intensity outside the resonator can be completely extinguished, so that all the electromagnetic energy fed to the system from the two sides is trapped indefinitely and forced to dissipate within the FP. Since its first demonstration in 2010, the concept of coherent perfect absorber[@b11][@b12][@b13] (CPA) has been applied to maximize radiation coupling in various optical systems[@b14][@b15][@b16][@b17][@b18], and very recently, it has also proved an excellent scheme for sensing applications[@b19]. Indeed, since the perfect extinction of the input field stems from a very critical balance of interference and dissipation, the transmission of a coherent absorber when approaching the CPA condition is very sensitive to small variations of the intracavity loss.

In this work, we show that the CPA features can be combined with the resonant enhancement of a conventional ring cavity to achieve an exceptional sensitivity to the intracavity loss. The integration of these two concepts is realized in a coupled-resonator structure where a FP with a weakly absorbing medium is enclosed within the intracavity path of a larger ring resonator. Upon injection with one input field only, the system supports bidirectional super-modes split in two peaks. At the wavelengths where the both the coupled system and the FP alone are resonant, the system behaves as a super-resonant CPA, where the input fields of the internal FP are themselves the resonant modes of the coupled system. The two counterpropagating fields associated with a split mode interfere constructively/destructively inside the internal bsorber, giving rise to a "bright", nearly-transparent resonance and a "dark" resonance with exceptionally strong absorption features.

In the following sections, the transmission of such a super-resonant CPA (RCPA) cavity as a function of the internal FP loss is investigated both theoretically and experimentally. In particular, we show that in the small-loss region, the effective absorption pathlength of a dark mode is enhanced by a factor proportional to the product of the FP and ring-resonator finesse coefficients. On the contrary, the effective interaction of a bright mode depends on the ratio of the two finesse coefficients and can be therefore much smaller than physical length of the absorber. The possibility of manipulating the intracavity interaction by multiplying/dividing the enhancement factors of two resonators is of striking importance for all spectroscopy and sensing applications, for it allows to attain a detection sensitivity largely superior to that of any conventional CPA-based[@b19] or cavity-enhanced[@b20] technique, without need of ultra-high Q resonators.

Results and Discussion
======================

The super-resonant coherent perfect absorber here demonstrated is analogous to a mode-coupled add-drop ring resonator. In a ring cavity with backscattering, the clockwise and anticlockwise modes are coupled, and a splitting of the resonant frequencies occurs, which is proportional to the amount of intracavity backreflection. The left and right wings of these split modes are commonly labelled as "symmetric" and "antisymmetric" resonances. These modes can be excited individually by injecting two fields with symmetric/antisymmetric relative phase at the two input ports of the resonator, or simultaneously, upon injection from one port only. In the latter case, for a ring with intracavity reflection *r* and transmission *t,* the output field writes[@b21]:

in [equation (1)](#eq6){ref-type="disp-formula"}, *k* and *τ* are the coupling coefficients of the add/drop optical couplers (assumed identical), *β* = 2*π*/*λ* is the radiation wavenumber, *L* is the optical length of the ring and the input/output port configuration is the same of [Fig. 1a](#f1){ref-type="fig"}.

The optical system here presented (sketched in [Fig. 1a](#f1){ref-type="fig"}) can be regarded as a particular case of a coupled-mode ring resonator where the intracavity coupling element is a FP cavity of optical length *l* ≪ *L*. In this case, the reflection and transmission coefficients *r*~*FP*~ and *t*~*FP*~ that describe the internal backscattering are complex, wavelength-dependent functions, so that the terms (*t* ± *r*) in [eq. (1)](#eq6){ref-type="disp-formula"} become (detailed expressions are reported in [Supplementary materials](#S1){ref-type="supplementary-material"}, eqs S1--S6).

In such a FP-ring coupled cavity, split-resonances arise again from the symmetric and antisymmetric modes, but near the FP resonant wavelengths, where the backreflection drops abruptly, the splitting reduces and the two peaks tend to superimpose, generating a narrow interference in the transmission spectrum[@b22][@b23], as shown in [Fig. 1a](#f1){ref-type="fig"}.

In the following, we analyze the transmission of a split-mode sufficiently close to a FP resonance, but whose peaks are separated enough so that this interference can be neglected. With this simplification, the symmetric and antisymmetric fields can be regarded as the output of two independent, virtual ring resonators with effective lengths and effective per-pass transmission respectively.

In [Fig. 1b](#f1){ref-type="fig"}, the normalized transmitted intensity *I*/*I*~*0*~ of the two peaks is plotted as a function of the fractional FP power loss *a*^*2*^. The symmetric mode (black line) is attenuated slowly but monotonically, while the antisymmetric mode (red line) exhibits a clear coherent-absorber behavior, with a rapid attenuation in the small-loss region followed by total extinction and loss-induced transparency. For this reason, we refer to these resonances as "bright" and "dark" respectively. The described transmission behavior is determined by the terms \|*t*~*FP*~ + *r*~*FP*~\| and \|*t*~*FP*~ − *r*~*FP*~\|, which govern the effective loss of the symmetric/antysimmetric equivalent ring resonators. Sufficiently close to a FP resonance, *r*~*FP*~ and *t*~*FP*~ can be considered real and written as:

in the above expressions, identical lossless FP mirrors of reflectivity *R,* transmittivity *T* = *1 − R* and intracavity per-pass attenuation *d*^*2*^ = *1 − a*^*2*^ are considered.

Any *a*^*2*^ \> *0,* makes *r*~*FP*~ ≠ 0 and causes resonances to split into symmetric/antisymmetric pairs. As the losses increase, a critical value *a*^*2*^ ≈ *1 − R i*s rapidly approached. In this point \|*t*~*FP*~ − *r*~*FP*~\| = 0, which means the antisymmetric resonance is totally extinguished (see [Fig. 1b](#f1){ref-type="fig"}). This critical point coincides with the perfect coherent absorption condition of the FP absorber.

By further increasing the FP losses, *t*~*FP*~ keeps reducing. Eventually, no radiation is transmitted across the ring and the coupled system turns into a standing-wave resonator of length *L*. An evenly intense, evenly spaced mode spectrum is in fact approached through a loss-induced transparency behavior, where the transmission of the dark modes increases and eventually matches that of the bright modes. At the same time, the mode splitting approaches its maximum allowed value of *c*/*2L*[@b22]. The transmission of a RCPA super-mode in the regions at the left and right of the critical point is illustrated in [Fig. 1c,d](#f1){ref-type="fig"}.

To compare the described transmission behavior to that of a conventional coherent absorber, in [Fig. 1b](#f1){ref-type="fig"} the transmission of the equivalent, uncoupled CPA system (same FP parameters but without external ring) is also plotted with a dotted blue line. We note that in the proposed configuration CPA is realized for a much broader range of FP loss compared to a conventional absorber. By increasing the ring transmittivity *τ*^2^, this interval can be indeed broadened to the point that the input radiation is totally extinguished for almost any intracavity loss (orange curve in [Fig. 1a](#f1){ref-type="fig"}, with *τ*^2^ = 0.95).

As we also note in [Fig. 1b](#f1){ref-type="fig"}, in the small-loss region prior to the perfect absorption interval, the sensitivity of the RCPA mode transmission to a variation of the FP loss is much higher than in any conventional CPA scheme, indicating an exceptional sensing capability. For a more quantitative idea, the sensitivity of the transmission to small FP losses is formalized in the following as an effective absorption pathlength *l*~*eff*~.

For either the bright or the dark mode, *l*~*eff*~ can be calculated as the conventional cavity enhancement[@b12] of the corresponding virtual resonator, whose effective per-pass power loss is . A detailed derivation of *l*~*eff*~ is reported in the [Supplementary materials](#S1){ref-type="supplementary-material"} in the assumption that the single-pass FP absorption is negligible compared both to the FP and to the ring resonator losses . In this weak absorption limit, it gives:

where and , are the finesse coefficients of the ring and the FP resonator as if they were uncoupled, and *l* is the single-pass absorption length of the FP. [eq. (3)](#eq9){ref-type="disp-formula"} state that the absorption of the dark mode is enhanced by a factor equal to the product of the enhancement factors and of the two resonators[@b8][@b20], and can therefore exceed by far any conventional cavity-enhanced absorption. On the other hand, the pathlength enhancement of the bright mode scales with the ratio of the two resonators finesse coefficients, and when becomes smaller than unity, it results in an effective reduction of the absorption below the single-pass interaction (see [Supplementary materials, Fig. S2](#S1){ref-type="supplementary-material"}).

The transmission features of the RCPA modes were observed experimentally with the setup sketched in [Fig. 2b](#f2){ref-type="fig"}, built by splicing a 4 cm fiber Bragg grating (FBG) FP fiber cavity in a 6 m-long fiber loop (additional details are reported in the figure caption). In this setup, FP losses are conveniently introduced by bending the fiber in the region between the two FBGs, while the transmission *τ*^2^ of the external ring is tuned between 0.1 and 0.95 by means of a variable evanescent fiber coupler. The finesse of the internal FP is set by temperature-tuning the reflectivity of the FBGs.

Three examples of RCPA transmission spectra, obtained by scanning a narrow-linewidth laser across a resonance of the internal FP, are shown in [Fig. 2c](#f2){ref-type="fig"}. In spectrum \#1, R = *τ*^2^ = 0.95. The bright, unperturbed modes and the dark modes are clearly visible. The attenuation of the dark modes increases towards the center of the FP resonance because in that region the effective FP loss is more resonant and thus much stronger. In fact, the central modes can be thought as "ahead" in the transmission curve (closer to the perfect absorption region) while the lateral modes are behind, in the region where both the transmission and the sensitivity to loss variations are larger. It is worth noting that in spectrum \#1 the only FP loss is represented by the injection loss of the FBGs, and it is already sufficient to extinguish the dark modes in the central region.

From the described configuration, spectra \#2 and \#3 were obtained by first increasing the FP losses *a*^2^ at constant *τ*^2^, and then reducing the ring transmission *τ*^2^ to the minimum (\~0.1) while keeping the loss unchanged. As expected, the first step reduces the transmission of the dark modes (note that, as expected the reduction is larger in the lateral region of the spectrum). Instead, when *τ*^2^ is reduced, the effective absorption of the dark modes becomes extremely small, even smaller than in spectrum \#1, demonstrating, as predicted by [eq. 3](#eq9){ref-type="disp-formula"}, that the effective RCPA absorption is strongly dependent on the finesse of the external ring. For the modes highlighted in red in [Fig. 2b](#f2){ref-type="fig"}, the measurement sequence is represented as a trajectory in the transmission-loss plot in [Fig. 2c](#f2){ref-type="fig"}.

To investigate more quantitatively the RCPA absorption, the transmission of the dark modes was directly compared with the resonant transmission of a traditional Fabry-Perot cavity, with the very same parameters but with no coupling loop.

For this task, after recording the RCPA spectrum (R =0.6, *τ*^2^ = 0.95) the external loop was opened by removing the variable coupler, to record the resonant transmission of the corresponding uncoupled Fabry-Perot. The measurement was repeated for 4 increasing values *a*~*i*~ of FP loss. The experimental FP and RCPA spectra (reported in [Fig. S3 of the Supplementary materials](#S1){ref-type="supplementary-material"}) were fitted with a Lorentzian and an inverse Lorentzian respectively. The fitting curves, normalized to the transmission level of the bright modes *I*~*0*~, are plotted in [Fig. 3a](#f3){ref-type="fig"}.

The absorbances and , measured in the central and lateral region of the fitted spectra are plotted as a function of the single-pass loss *a* in [Fig. 3b,c](#f3){ref-type="fig"}. The values *a*~*i*~ on the x axes are calculated from the resonant FP spectra as (with and *l* = 4 *cm*). Since , the slope of the absorbance plots is a direct measurement of the effective intracavity interaction pathlength.

In the central region of the spectrum ([Fig. 3b](#f3){ref-type="fig"}) the absorbances have roughly the same slope. Again, the large intrinsic FP loss of our setup makes the central region of the RCPA spectrum fall near the perfect extinction region, where the effective extinction is high but the sensitivity to the variations of the FP loss is very small. In fact, the sensitivity of the dark modes is much larger in the lateral, off-resonance region of the spectrum ([Fig. 3c](#f3){ref-type="fig"}). Here, even though only the smaller loss values fit well on a line, a comparison with the standalone FP absorbance gives .

It is hard to establish whether in this measurement the maximum sensitivity region of the RCPA setup is reached (where the finesse coefficients of the two resonators are effectively multiplied). Yet, the sensitivity of the dark modes to the FP loss is already one order of magnitude larger than the conventional cavity-enhanced absorption (see section 2 of [Supplementary materials](#S1){ref-type="supplementary-material"} for additional details).

To complete the validation of the proposed model, the high-loss regime of the RCPA transmission was also investigated. The cavity parameters were set to *R* = 0.9 and *τ*^2^ = 0.8, in order to get a more pronounced loss-induced transparency behavior (see simulated transmission curve of [Fig. 4](#f4){ref-type="fig"}. The loop length was also increased, in order to keep having large number of RCPA modes within the now narrower FP resonance.

The five experimental spectra shown in [Fig. 4](#f4){ref-type="fig"}, recorded for large variations of the FP loss, reproduce faithfully the model predictions. As the FP loss increase, the central dark modes enter the negative-absorption regime and start growing, while the "late" lateral modes are still being attenuated. As losses grow, the attenuation of the bright modes also starts being visible. Eventually, the RCPA turns into a standing-wave resonator, with a spectrum formed by evenly-spaced, evenly-intense peaks.

In conclusion, we demonstrated and investigated a new coherent absorber configuration where the interfering fields are themselves the resonant modes of a coupled-cavity system, hence the label "super-resonant". In the spectrum of a coupled linear-ring resonator, the described effect gives rise to two sets of resonances: one nearly transparent to the FP loss (bright modes) and the other extremely sensitive to it (dark modes). As opposed to conventional coherent absorption schemes, these features can be observed upon injection of a single resonant input field. A particularly attractive behavior of the dark resonances is pointed out: in the small-loss region prior to the CPA point their effective absorption pathlength scales with the product of the individual ring and FP finesse coefficients.

Although this region is not easily accessible with our fiber setup (because of the large injection losses of the FBGs mirrors), a clear demonstration of enhanced absorption sensitivity (by one order of magnitude compared to the conventional cavity output) and near-transparency of the RCPA modes was provided. With an accurately designed low-loss setup, the presented geometry may open the way to spectroscopic and optical detection schemes that surpass the sensitivity limits currently imposed by high-Q resonators fabrication.
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![(**a**) RCPA resonator scheme and its transmission spectrum in the vicinity of a FP resonance. The trend of the FP reflectivity R~fp~ is also plotted (orange line); (**b**) Normalized resonant transmission of a bright/dark peak pair (black and red line) as a function of the FP fractional loss (simulation parameters: R = 0.5, τ^2^ = 0.8). In the same illustration, the transmission of the equivalent CPA (same FP but no ring coupling) and of the dark mode of a RCPA with higher ring transmission (τ^2^ = 0.95) are plotted for comparison (blue dotted line and orange line respectively). (**c**,**d**) Transmission of a RCPA supermode as a function of FP loss in the small and large-loss regions. In this simulation R = 0.9, τ^2^ = 0.8 (values chosen for ease of visualization).](srep28947-f1){#f1}

![(**a**) RCPA experimental setup. A FBG-FP resonator is spliced within a fiber loop along with two evanescent couplers (coupling ratio 0.1%). The cavity is also equipped with a Lefevre rings device and an additional variable coupler to control the ring transmission *τ*^2^ and the intracavity polarization and injected with a narrow-linewidth fiber laser operating around 1560 nm. (**b**) Three resonant spectra recorded by scanning the laser wavelength across a resonance of the internal FP for 3 different values of FP loss and *τ*^2^. The envelope of the dark modes is highlighted in orange. (**c**) The transmission of dark modes highlighted in red in the experimental spectra shown as a trajectory on the simulated RCPA transmission.](srep28947-f2){#f2}

![(**a**) Transmission of the uncoupled Fabry-Perot and envelope of the dark RCPA modes for 4 different values of the intracavity loss *α*~*i*~. The curves are fitted from the data reported in [Fig. S4 of Supplementary materials](#S1){ref-type="supplementary-material"} along with the fit parameters. (**b**,**c**) absorbance Δ*I*/*I*~0~ of the FP and the RCPA dark modes in the central and lateral regions of the spectrum.](srep28947-f3){#f3}

![Simulated transmission curve for R = 0.9 and *τ*^2^ = 0.8 and corresponding spectra, shown for a sequence of 5 increasing values of the FP loss.\
Zooms of the first and last frame are also shown to appreciate the transition from RCPA to standing-wave resonator.](srep28947-f4){#f4}
